The hexose monophosphate shunt activity as well as the non-oxidative pentose pathway in nucleic acids synthesis was studied in the time course of the left ventricular hypertrophy of 63 male rats weighing 200 to 600 Gm. induced by cellophane perinephritis hypertension. Another 26 rats with same range of body weight were employed as control group.
an important role in the response of the heart to an increase in hemodynamic load. Many of these studies2,,4),5),17),28) have measured the acute or shortterm response to sudden imposition of a severe load. Some studies have utilized in vitro, or isolated heart preparations,23)-25) and some have utilized nutritional deficiency producing hypertrophy.19),27),28),31) These experimental models provide useful data on the early change in response to stress, but are not necessarily closely related to the more common pathologic process of hypertrophy in human hearts which is a relatively slow change following gradual onset of hemodynamic abnormality. Also, it has not been clear whether cardiac growth induced by abnormal conditions is comparable to normal increases n cardiac weight, and some authors have assumed a continuum between these 2 types of growth.28) It was our purpose to study serially the long-term response of cardiac nucleic acids to a gradually-induced hypertensive stress on the heart, and to measure incorporation rates as well as steady-state levels of deoxyribonucleic acid (DNA) and ribonucleic acid (RNA). These changes will be compared to our previous study16) of normal cardiac growth in rats which was shown to be a continuous hyperplastic process-increase in cardiac DNA was linearly associated with increases in body weight, including the period of adult life. Continuous activity of the oxidative pathway for nucleic acid ribose synthesis was demonstrated in normal right and left ventricles of adult rats over a weight range of 150 to 600Gm. The results of the present study suggest that abnormally induced cardiac growth, over the range from 150 to 600Gm. is not associated with marked increases in chromatin mass, consistent with earlier observations. It was also observed that the right ventricle participates actively in increase in cardiac RNA, but this change was not associated with increases in right ventricular to body weight ratio. In the late phase of cardiac hypertrophy, synthesis of nucleic acid pentose was dependent on non-oxidative, rather than oxidative (HMP) pathways.
MATERIALS AND METHODS
One hundred male Wistar rats, weighing 200 to 600Gm., constituted the reaching a peak somewhat later than G-6-C14 (Table IIIA) . As with G-6-C14, specific activity of the G-1-C14 labelled RNA showed increases only in LV in the 4-week group. Incorporation of G-6-C14 into RNA of left and right ventricle, calculated per Gm. of wet tissue and per mg. of RNA, was significantly greater than that of G-1-C14 in the control group. The difference between incorporation of G-6-C14 and G-1-C14 increased further in the 4-week group, but then declined, no difference being observed in later groups. The incorporation of G-1-C14 into RNA of LV and RV also increased, but somewhat more slowly than G-6-C14, and reached a peak at 10 to 13 weeks after operation (Fig.  3B) . Table IIIB and Fig. 4 show the time course of incorporation of C14-glucose into DNA of cardiac muscle. There was an increase in incorporation rate of G-6-C14 per mg. DNA in both left and right ventricles, reaching a peak at 4 weeks and declining to control levels or below thereafter. Increased incorporation per Gm. tissue was seen only in RV in the 4-week group (Table  IIIB) . The increased incorporation of G-6-C14 per mg. DNA was greater in RV than LV, whether measured as specific activity or absolute increase in counts per Gm. tissue. Incorporation of G-6-C14 into DNA of left and right ventricles was equal in the control group and continued to be closely parallel in the hypertrophied groups. Incorporation was increased in both ventricles only in the 4-week group. This was the period when DNA content in LV declined significantly (RV: p<0.01; LV: p<0.05; Table II ). Thereafter, incorporation in later groups was similar to that in the control group. There were then no significant differences between incorporation of G-1-C14 and G-6-C14 into DNA at any stage of cardiac hypertrophy.
DISCUSSION
The response of the mammalian heart to a chronic disease or increase in work load has generally been thought to consist in a hypertrophic process, with increase in tissue RNA content, no change in DNA content, and a consequent rise in RNA/DNA ratio. Recent studies have demonstrated early stimulation of microsomal amino-acid incorporation by acute overload in isolated hearts20),24) or in cell-free extracts of skeletal muscle.8) Increased numbers of microsomes have been reported8) as well as increased activity of pre-existing microsomes.24) However, the constancy of DNA content has been questioned, and increases in cardiac6),13),18) or skeletal8) muscle DNA content have been observed.
In a previous study on normal rats,16) it was found that DNA content as well as RNA concentration of rat hearts increased linearly with ventricular and body weight in the normal process of growth, even into adult life. This increase in DNA content indicated that normal growth in the rat is a continuous hyperplastic process. Peterson and Baserga,22) on the other hand, observed a levelling-off of DNA content after mice reached 4 months of age, but cardiac and body weight increased relatively little in these animals after this time. Our present data, however, show little or no change in DNA content, similar to results of Tomita29) suggesting that the cardiac hypertrophy developing in the course of hypertension secondary to cellophane perinephritis is not similar to the cardiac enlargement associated with normal growth . This is consistent with earlier interpretations, namely that hypertrophy alone is the primary response to stress with increases in cell mass but without in-Jap. Heart J. J uly, 1972 crease in number of cells or mass of chromatin material. The small increase in DNA content in the 31 to 34-week group is significantly greater than control DNA values, but the DNA levels in the left ventricle fluctuated somewhat, and the significance of this value is not certain. The sharp transient increase in DNA incorporation into LV and RV at 4 weeks were not followed shortly thereafter by measurable changes in DNA content in RV, and were associated with declines in DNA content in LV. These data suggest an early period of cellular damage or increased catabolism, with increased synthesis of DNA partially maintaining a steadystate level of DNA content. The increases in DNA content observed by others6),18) may relate in part to the more severe, acute hypertensive strain produced. Polyploidy played a role in this DNA increase6) but not to the extent found by Kompmann, Paddago, and Sandritter.13) In any event the increased DNA noted by these observers has been localized by them histologically and autoradiographically to connective tissue and vascular cell, not muscle cell.
The response of the right ventricle to the perinephritis is unexpected and unusual. In the left ventricle there was an early increase in incorporation rate of glucose-C14 into RNA with subsequent rise in RNA concentration and in LV/body weight ratio, as expected, which was thereafter maintained. On the other hand, there was no RV hypertrophy in the majority of the operated rats, as shown by the normal RV/body weight ratio (Fig. 1) . The 4-week group alone shows some increase in RV/body weight ratio, which may in part be attributed to the significant increase in water content of the ventricles during this phase (Table I) . However, while DNA content remained constant, RNA incorporation per Gm. tissue was increased and RNA concentration increased markedly and progressively. Indeed the 31 to 34-week group had greater increases in RNA than the left ventricle, The RNA/DNA ratio was significantly increased, although ventricular weight was unchanged from control (Fig. 1B) . Gluck et a1.4) also noted a rise in RNA content and in RNA/DNA ratio and Morkin18) found increases in RNA concentration in the right ventricles of rats soon after acute aortic constriction. No data are given for right ventricular weight in either study. The RNA/DNA ratio is therefore not, per se, a reliable index of hypertrophy, as previously suggested. The explanation for the observed dissociation between increase in RNA without subsequent increase in tissue mass is not clear. If the increase in right ventricular RNA is explained simply by an increase in hemodynamic load, i.e. secondary to increased left ventricular preload or afterload, one would expect an increase in RV weight as well. It is possible that the stimulus to hypertrophy when a ventricle is overloaded leads to a generalized increase in RNA in the entire heart, but the translation into increased protein synthesis could require additional factors present specifically in the overloaded ventricle alone. It is not known whether the increases in RNA observed include both messenger RNA and ribosomal RNA. Schreiber et al.24) found increased protein synthesis in RV (unloaded) of isolated heart preparations. He suggested increase in protein degradation rate to account for decreased protein level. Gudbjarnason, Telerman, and Bing7) did not find any change in protein catabolism in more chronic studies. In acutely hypertrophied skeletal (soleus) muscle, however, Hamosh et al. 8) reported that increase in incorporation of labelled leucine was a function of increased ribosomal RNA, regardless of the origin of their pH-5 enzyme in the assay system. It is also possible that the dependency of left ventricular weight on age and body-weight may apply as well to the right ventricle. In this group of animals, which were not restricted to a single age and body-weight range, small changes in RV weight may thus have been obscured. However, the major magnitude of increase in RNA incorporation and RNA content would suggest that weight changes were not obscured by these considerations. Also, we found previously that DNA concentration was inversely related to body weight in left ventricle but not right ventricle. Finally, increased coronary blood flow secondary to aortic hypertension could play a role in stimulating RNA and protein synthesis21) in the normally loaded RV.
Hexose monophosphate shunt: During the early phase of increased nucleic acid synthesis, presumably a period of uncompensated hemodynamic load induced by the cellophane perinephritis, the activity of the HMP shunt in RNA pentose synthesis was significantly increased in left ventricle, and to a lesser extent in right ventricle. This was reflected qualitatively by the increase in C6/C1 ratio of glucose-C14 incorporation (Fig. 3) .11) Recycling of intermediate products between the oxidative and non-oxidative pathways for ribose synthesis prevents the C6/C1 ratio from assuming more quantitative importance. No change in C6/C1 ratio was observed in DNA incorporation of glucose-C14, despite the increased activity demonstrated. In the later stages of ventricular overload, the incorporation rate of glucose-C14 into RNA, expressed as specific activity of glucose-C14 was depressed. This probably represents a phase of compensatory hypertrophy, at least in left ventricle, with diminished percentage turnover of nucleic acid, although total incorporation per Gm. of tissue was normal. The activity of the HMP shunt also disappeared, the C6/C1 ratio approaching unity. In normal rats, conversely,16) progressive increase in heart weight was not associated with depression of HMP shunt activity and may actually have a somewhat increased activity. Thus the preferential synthetic pathways in RNA me-Jap. Heart J. J uly, 1972 tabolism, as well as the overall change in DNA content, are significantly different during chronic cardiac hypertrophy secondary to an exogenous hemodynamic load, compared with the increase in heart weight secondary to normal growth. This depression of the HMP shunt is probably not related to general depression of nucleic acid metabolism, since incorporation of glucose-C14 in the 10 to 13-week group was similar in degree to control (Fig. 3) , but the C6/C1 difference was abolished. Conversely, increased glucose incorporation into DNA was not necessarily associated with increased activity of the shunt pathway. Since only one group of animals manifested elevated blood urea nitrogen levels, it is unlikely that depression of HMP activity in the other groups was related to uremia. Finally, the depression of HMP shunt activity has been observed in similar experiments in vitro.12),15) Abolition of the C6/C1 ratio could represent therefore a subtle manifestation of tissue (cardiac) hypoxia, not otherwise demonstrable, with preferential utilization of oxidative metabolism to meet the increased work load.
